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Estrogens are recognized as modulators of immune responses in mammals and teleosts. While it is
known that the effects of estrogens are mediated via leukocyte-speciﬁc estrogen receptors (ERs) in
humans and mice, leucocyte-speciﬁc estrogen receptor expression and the effects of estrogens on this
cell population is less explored and poorly understood in teleosts. Here in, we verify that channel catﬁsh
(Ictalurus punctaus) leukocytes express ERa and ERb2. Transcripts of these isoforms were detected in
tissue-associated leukocyte populations by PCR, but ERb2 was rarely detected in PBLs. Expression of
these receptors was temporally regulated in PBLs following polyclonal activation by concanavalin A,
lipopolysaccharide or alloantigen based on evaluation by quantitative and end-point PCR. Examination of
long-term leukocyte cell lines demonstrated that these receptors are differentially expressed depending
on leukocyte lineage and phenotype. Expression of ERs was also temporally dynamic in some leukocyte
lineages and may reﬂect stage of cell maturity. Estrogens affect the responsiveness of channel catﬁsh
peripheral blood leukocytes (PBLs) to mitogens in vitro. Similarly, bactericidal activity and phorbol 12-
myristate 13-acetate induced respiratory burst was modulated by 17b-estradiol. These actions were
blocked by the pure ER antagonist ICI 182780 indicating that response is, in part, mediated via ERa. In
summary, estrogen receptors are expressed in channel catﬁsh leukocytes and participate in the regu-
lation of the immune response. This is the ﬁrst time leukocyte lineage expression has been reported in
teleost cell lines.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The disciplines of ﬁsh immunology and endocrinology periodi-
cally intersect at a crossroad. This interdisciplinary merger is
perhapsmost evident in the case of stress physiology. Such research
clearly demonstrates that these systems do not operate indepen-
dently in a physiological vacuum; but rather emphasize that cross-
talk between the endocrine and immune systems is an integral
aspect of organismal homeostasis [1]. Steroid hormones that are
not typically associated with the hypothalamic-pituitary-interrenalþ1 3047244435.
luke_iwanowicz@usgs.gov
access article under the CC BY-NCaxis, however, are poorly studied in regards to their inﬂuence on
the immune system in ﬁshes. Recently there has been increased
interest in the effects of estrogens on the immune system in ﬁsh
[2e4]. This has in part been escalated by the observation of estro-
genic contaminants in the environment. Given the recognition of
estrogenic endocrine disrupting chemicals (EEDCs) in the envi-
ronment and the increased application of immune status as an
indicator of wild ﬁsh health [5,6], it is essential that mechanistic
and physiological effects of estrogen on immune function are
elucidated in ﬁsh.
Not surprisingly, estrogen receptor (ER) expression and
estrogen-mediated physiological regulation of immunocytes is best
studied in ectothermicmodel organisms. Extensive research on this
topic has been conducted given the association of estrogens and
autoimmune diseases [7,8]. Mammalian ERs are expressed in-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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leukocytes including B-cells, T-cells (cytotoxic, helper and sup-
pressor), monocytes, macrophages, dendritic cells, natural killer
cells, neutrophils and eosinophils [9e12]. Expression of these re-
ceptors in leukocytes is dependent on leukocyte lineage, stage of
development, functional phenotype and tissue microenvironment
[13e15]. Functionally they mediate physiological processes
including immunocyte growth, hematopoiesis, differentiation,
lymphocyte activation, Th polarization and cytokine production
[16e19]. Estrogen-mediated immune regulation, however, is com-
plex and still not well understood even in the best studied model
organisms.
The few reports of 17b-estradiol (E2) exposure on immune
function in ﬁshes have demonstrated modulatory effects. For
instance, E2 decreases plasma and mucosal IgM [20], suppresses
macrophage function [21], alters the response to trypanosome
infection [22] and modulate aspects of innate immunity [23].
Furthermore, in vitro proliferative and other functional responses of
ﬁsh leukocytes are affected by E2 (generally suppressed) in a dose-
dependent manner [24e26]. It has been demonstrated that the
inducible and constitutive expression of hepcidins are ablated by
E2 in centrarchids [27], and that a subset of genes in macrophages
of the gilthead seabream are estrogen-responsive [4,28]. The
modulatory effect of E2 exposure on PBL function has been docu-
mented [29,30].
Despite the recognition that estrogens modulate the immune
response in ﬁshes and the known sequence identity of many ERs,
there is a paucity of deliberate investigations regarding immuno-
cyte speciﬁc expression of ERs. Recent data suggest that gilthead
seabream macrophages and lymphocytes constitutively express
ERa, while acidophilic-granulocytes (AG) do not [4]. Interestingly,
AGs signal via a G protein-coupled estrogen receptor [31]. The
identiﬁcation of speciﬁc sub-populations of leukocytes that express
ERs is hampered by limited cell markers and cell line availability.
While the presence of ERa in channel catﬁsh (Ictalurus punctaus)
neutrophils has been speculated [32], it has not been experimen-
tally conﬁrmed. The objectives of the current research were to
investigate whether channel catﬁsh leukocytes expressed ERs (ERa
or ERb2), determine the relative expression of ER subtypes in
deﬁned leukocyte populations, examine the dynamics of ER
expression in resting or activated primary leukocytes, and experi-
mentally determine if ER activation modulates the mitogen-
induced proliferation of channel catﬁsh PBLs. The channel catﬁsh
was selected for this research as it has been extensively used as a
model organism of teleost immune function, well-deﬁned leuko-
cyte cell lines and antibodies are available, and two ER subtypes
have been previously identiﬁed [33,34].
2. Materials and methods
2.1. Experimental animals and cell lines and mAbs
Catﬁsh (1e2 kg) were obtained from commercial sources
(ConAgra, Isola, MS or Zett's Fish Farm, Inwood, WV) and main-
tained in individual tanks as described previously [35]. Channel
catﬁsh (ccf) cell lines were grown at 27 C in AL-3 medium con-
sisting of equal parts AIM-V and L-15 (Invitrogen Life Technologies,
Gaithersburg, MD) adjusted to catﬁsh tonicity (z270 mOsm) by
diluting 10% (v/v) with deionized water and supplemented with
1 mg/ml sodium bicarbonate, 50 mM b-mercaptoethanol and 3%
heat-inactivated, pooled normal channel catﬁsh serum (AL-3).
Serum was not charcoal/dextran stripped as not to remove critical
growth factors. Based on radio immune assay the AL-3 medium
contained 5 pg ml1 of 17b-estradiol. 42TA and Thy9.1F10 are
monocyte/macrophage-like cell lines. The G14D and 28S.3 cell linesconsist of autonomous T-cells derived from a gynogenic catﬁsh [36]
and an outbred catﬁsh, respectively [37]. Both the 42TA and 28S.3
lines were derived from the peripheral blood of two different
outbred catﬁsh [38]. The TS32.15 and TS32.17 are clonal, non-
autonomous antigen-dependent CTL cell lines developed from an
alloantigen immunized outbred ﬁsh. These cell lines requireweekly
re-stimulation with irradiated allogeneic cells for continuous pro-
liferation [39]. The 3B11 and 1G8 cells are cloned autonomous B
cells generated from two different outbred catﬁsh by mitogen
stimulation [40].
The mAb 9E1 (IgG1, k) reacts with catﬁsh IgM H chain [41] mAb
C3.1 (IgM, k) reacts with a membrane-associated leucine zipper
protein of neutrophils [42] and was kindly provided by Dr. Jerald
Ainsworth, (University of Mississippi College of Veterinary Medi-
cine, Mississippi State, MS). Hybridoma cells were grown at 37 C in
DMEM supplemented with 10% fetal bovine serum. Antibodies
were isolated from hybridoma supernatants via protein A column
chromatography and biotinylated using EZ-Link® Biotin Hydrazyde
(Pierce Biotechnology, Rockfork, IL) according to themanufacturer's
instructions.
2.2. Estrogen receptor expression in long-term leukocyte cell lines
The long term leukocyte cell lines Thy9.1, 42TA, 28S.3, G14D,
TS32.15, TS32.17, 3B11 and 1G8 cell lines were all cultured for 4 days
and screened for ER expression via endpoint PCR. Additionally, the
42TA, 28S.3, 3B11 and 1G8 cell lines were harvested 2, 6 and 8 days
into culture to assess temporal changes in ER expression. All cells
preparations were pelleted and prepared for RNA extraction (see
details below).
2.3. Estrogen receptor mRNA expression in resting and stimulated
primary leukocytes
Catﬁsh peripheral blood leukocytes (PBLs) were isolated from
heparinized blood by centrifugation on a cushion of Ficoll-Hypaque
(Lymphoprep, Accurate Chemical, Hicksville, NY) and stimulated
with mitogens as described previously [37]. Brieﬂy, PBL were
cultured in 24-well plates (Corning Inc. Corning NY) in AL-3 media
containing either 50 mg/ml of Con A (Cat# C0412, from Canavalia
ensiformis, Sigma Chemical Co, St Louis, MO) or 100 mg/ml of LPS
(Cat# L6143; from Salmonella enterica serotype typhimurium,
Sigma). Proliferating cells (5  106) were harvested on days 4, 6, 8
and 12 post-stimulation for RNA preparation. A day 0 sample was
also harvested from unstimulated PBL. Mixed leukocyte cultures
(MLC) were obtained by stimulating freshly isolated PBL with
alloantigen according to the protocol previously described [43].
Typically, 5  106 catﬁsh non-immune PBL were incubated with
2 106 irradiated (4000 rad) allogeneic 3B11 B cells and cultured in
1 ml AL-3 media per well in 24-well plates. Alloantigen-stimulated
PBL were then incubated at 27 C as described and re-stimulated
with irradiated 3B11 B cells on day 12. Five  106 cells were har-
vested daily for RNA preparations and end-point PCR analyses.
The above experiment was repeatedwith slight modiﬁcations to
evaluate the effects of leukocyte activation at a higher resolution
(daily) temporal scale for 8 days using qPCR. Brieﬂy, PBLs were
isolated, cultured and treated as above; however, the MLCs were
obtained by the addition of mitomycin C (MMC) treated 3B11 B cells
to the PBL. Preparation of feeder cells was achieved by suspending
5  107 of 3B11 cells/ml in L-15 medium containing 50 mg/ml of
MMC (Sigma #M-0503) followed by incubation at 27 C for 2 h.
Cells were thoroughly washed with AL-3 and added to PBLs as
above.
Catﬁsh anterior kidney leukocytes (AKLs) and splenic leukocytes
(SPLs) were isolated as previously described [44]. Brieﬂy, anterior
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L-15 medium supplemented with 2% FBS (Atlanta Biologicals,
Norcross, GA) 100 U mL1 penicillin, 100 mg mL1 streptomycin,
10 U mL1 sodium heparin and adjusted to 270 mOsm (Processing
medium, PM). Following the fragmentation of the tissues into
single-cell suspensions and subsequent separation from settled
tissue fragments, cells were pelleted by centrifugation at 500 g for
10 min at 4 C. Cells were washed by suspension in PM followed by
centrifugation as above, suspended in PM, and then layered onto a
Histopaque 1.077 g/cm3 cushion. Samples were then centrifuged at
300 g for 30 min at 4 C and the leukocyte fraction was removed
from the medium/Histopaque interface.
2.4. Microenvironment affects constitutive ER expression in primary
leukocytes
In an attempt to determine whether tissue microenvironment
affected ER expression, primary AKLs, SPLs and PBLs were further
fractionated using magnet assisted cell sorting (MACS). Brieﬂy,
biotinylated mAb 9E1 or mAb C3.1 (z10 mg) were immobilized on
streptavidin coated Dynabeads® (Invitrogen Corporation, Carlsbad,
CA) according to manufacturer instructions. Isolated leukocytes
(1  108) were separated into IgM-positive (sIgMþ) and IgM-
negative (sIgM) fractions using mAb 9E1 labeled magnetic
beads. IgM-negative fractions were further separated into
neutrophil-positive and (C3-1þ) neutrophil-negative (C3-1)frac-
tions using mAb C3-1. Cells and beads were washed with L-15
medium between afﬁnity capture events. Positively selected cells
bound to magnetic beads were washed again and prepared for RNA
extraction with the addition of 1 ml Trizol.
2.5. Effects of 17b-estradiol on PBL proliferation
Catﬁsh PBL were isolated from heparinized blood as above. Cells
(2  105) were plated in 96-well plates and pre-treated with 1 mM
of the ER antagonist ICI 182,780 (Tocris Cookson Ltd.) or AL-3media
alone and incubated at 27 C for 2 h. Wells were then adjusted to
20 nM of 17b-estradiol (E2; Sigma), 20 nM of E2 and 1 mM ICI
182,780 (Tocris Cookson Ltd), or media alone and incubated at 27 C
for an additional 4 h. The mitogens Con A (50 mg ml1) or LPS
(100 mg ml1) were then added and cells cultured for 8 days. Final
concentrations of the agonist/antagonist treatments were 10 nM of
17b-estradiol (E2; Sigma), 10 nM of E2 and 1 mM ICI 182,780 (Tocris
Cookson Ltd), or media alone. All treatments were performed in
triplicate. Cell proliferation was determined at 2, 4, 6, and 8 days
post-stimulation. The mitogen-induced proliferative response was
evaluated using an adapted BrdU-based ELISA [45]. Modiﬁcations
to the previous protocol included the addition of centrifugation
(500 g for 10 min) steps between washes prior to the para-
formaldehyde ﬁxation to minimize the loss of non-adherent
proliferating cells. Stimulation index (SI) values were calculated
as the replicate mean optical density for a given set of mitogen
treated leukocytes divided by the replicate mean optical density of
the associated mitogen free (control) leukocytes.
2.6. Effects of ER agonists on bactericidal activity and respiratory
burst
Anterior kidney leukocytes collected above were suspended in
adherence medium (AM; L-15 medium supplemented with 0.1%
FBS (Atlanta Biologicals, Norcross, GA) 100 U mL1 penicillin,
100 mg mL1 streptomycin and adjusted to 270 mOsm) and
distributed into the wells of a 96-well plate at a density of 2  106.
Cells were incubated at 27 C for 2 h and non-adherent cells were
removed by aspiration. Media was replaced with AL-3 media aloneor AL-3 media containing 10 fold dilutions of 17b-estradiol or a
synthetic non-steroidal ER agonist, diethylstilbesterol (DES) from
1 pM to 10 mM. Cells were incubated for an additional 36 h prior to
the bactericidal activity and respiratory burst assays. The bacteri-
cidal activity of adherent AKLs towards the salmonid pathogen
Yersinia ruckeri (Hagerman strain; NFHRL # 11.40) was determined
as previously described [54]. The production of intracellular su-
peroxide was determined by stimulating cells with 1 mg mL1 of
phorbol 12-myristate 13-acetate (PMA) in the presence of 1 mg/ml
of nitroblue tetrazolium (NBT) in AL-3 for 2 h at 27 C. Supernatant
was removed, formazan crystals were solubilized in 0.1 N HCl in
absolute isopropyl alcohol and the optical density was measure at
600 nM on a V-max multiwell plate reader (Molecular Devices).
Non-PMA stimulated controls exposed to the same concentration
of agonist were included for all treatments. The SI reported for each
treatment was a ratio of agonist treated PMA stimulated O.D.600/
agonist treated non-PMA stimulated cells. Parallel experiments
were conducted to evaluate leukocyte viability. In short, ethidium
homodimer and calcein-AM (Molecular Probes, Inc) were added to
wells at a ﬁnal working concentration of 4 mM and 2.5 mM as pre-
viously described (Jacobson et al.). Cell were incubated at 27 C for
1 h. Viability was assessed my manual inspection of 100 cells per
treatment under eipﬂuorescence (Zeiss Axivert-25).2.7. RNA extraction and cDNA preparation
Total RNA was extracted from 5  106 cells by lysis with 1 ml
TRIzol® Reagent (Invitrogen) or RNA-Bee (Tel-test, Friendswood,
TX). Depending on the preparations extracted RNA was treated
with TURBO DNA-free™ (Applied Biosystems/Ambion; Austin, TX)
or DNaseI (Invitrogen Life Technologies; Carlsbad CA) according to
the manufacturer protocol. Total RNA (1 mg) was subsequently
converted into cDNA using random decamers provided with the
RETROscript® First Strand Synthesis Kit for RT-PCR (Ambion) at
44 C for 1 h, or and oligo-dT primer and 200 U of Superscript III RT
(Invitrogen Life Technologies).2.8. Semi-quantitative PCR, real-time PCR and product sequencing
All semi-quantitative PCR reactions were conducted using
puReTaq Ready-To-Go PCR Beads (Amersham Biosciences). Forward
and reverse primers (Table 1) were added at 0.8 mM each, followed
by the addition of 1 mL of cDNA. Expression of ER subtypes was
measured using multiple primer sets as a measure of quality con-
trol. Products from PCR reactions were direct sequenced or cloned
using the pCR2.1 plasmid and Mach 1 chemically competent E. coli
(TOPO TA cloning kit; Promega), and sequenced to conﬁrm primer
target speciﬁcity.
PCR products were resolved in synergel agarose additive/
agarose (1.5%/0.75%) matrices by electrophoresis at 90 V for
100min and stainedwith ethidium bromide. Images were captured
using the UVIdoc gel documentation system (UVItec Limited,
Cambridge, UK). Volume integration of the bands was determined
using UVIgelstartMw v.11.01 software.
Quantitative PCR was performed on total mRNA extracted from
the channel catﬁsh cell lines and stimulated PBLs. In addition,
relative mRNA expression was evaluated in resting primary AKLs,
PBLs and SPLs as well as other tissues including the anterior kidney,
posterior kidney, spleen, liver, gill, brain, muscle ovary and testis for
general comparison. The PCR reactions were performed in 20 ml
volumes utilizing a Hot Start SYBRGreen Kit (Sigma). Brieﬂy 1 ml of
cDNA was added to 17 ml of SYBRGreen master mix containing 1 ml
of each speciﬁc primer (0.8 mM) and ampliﬁed with a Rotor-Gene
3000 (Corbett Robotics Inc, San Francisco, CA). Cycling
Table 1
PCR cycling conditions and primers.
Primer set (PS) Primer Target Sequence Product length GenBank
PS1a ERa_818F ERa AAGGAGCGGGAGCGAGGTTAT 818 bp AF253505
ERa_818R ATCTCCAGCAGCAGGTCATA
PS2a ERa_210F ERa CACTGCAAATTCGCCAAGACCCTT 210 bp AF253505
ERa_210R ACCTGCGTAACGCGGATCTGAATA
PS3a ERb_622F ERb2 ATATCGAGCCTCCCGCCGG 622 bp AF185568
ERb_622R ACACGCCGATGACGTCATG
PS4b ERb_248F ERb2 AGTACGTGTGTCTCAAAGCGCTCA 248 bp AF185568
ERb_248R GGAAAGGTGCTCCATGCCTTTGTT
PS5c TCRa F TCRa AGAAGAGAAACGGGAGCCGTCAAT 350 bp IPU58505
TCRa R AGCTCATCCAGACTTTCAGCGTCA
PS6c IgM F mIgm GAGTGGATCAATGGCACCGAATTCAT 132 bp DQ400445
IgM R CTCCATCTCATAGTGGAAGATCTCTG
PS7d 03-16F 18S CCCGCCCAACTCGCCTGAATACCT 508 bp AF021880
03-17R GGCCATGCACCACCACCCACAGAA
PS8d b-actinF b-actin ATTGGCAATGAGAGGTTCAGGTGC 200 bp AY555575
b-actinR TCCTTCTGCATCCTGTCTGCAATG
PS9e M13Fmod pCR2.1 plasmid CGCCAGGGTTTTCCCACTCACGA Variable EF488744
M13Rmod AGGGGATAACAATTTCACACAGGA
PS10f ERaqF ERa AGGTACAGCTGTTGGAAAGCTCCT 151 bp AF253505
ERaqR AATATCTCAGCCATGCCCTCCACA
PS11f ERbqF ERb2 TTTAAGCCGCTTCTAGGTGACGGT 135 bp AF185568
ERbqR AGACTGAGGCCACGTTGGGATTTA
PS12f 18SqF 18S TTTCTCGATTCTGTGGGTGGTGGT 183 bp AF021880
18SqR ACCTGTTATTGCTCCATCTCGCGT
PCR conditions for all reactions included a pre-heating step (94 C, 5 min) and a ﬁnal extension (72 C, 10 min). Other parameters differed by primer set.
a Denaturation (94 C, 5 min), annealing (60 C, 30 s), extension (72 C, 30 s), cycles (35).
b Denaturation (94 C, 5 min), annealing (58 C, 30 s), extension (72 C, 30 s), cycles (35).
c Denaturation (94 C, 5 min), annealing (58 C, 30 s), extension (72 C, 30 s), cycles (30).
d Denaturation (94 C, 5 min), annealing (60 C, 30 s), extension (72 C, 30 s), cycles (30).
e Denaturation (96 C, 30 s), annealing (58 C, 15 s), extension (60 C, 4 min), cycles (25).
f Denaturation (94 C, 5 min), annealing (60 C, 15 s), extension (72 C, 30 s), cycles (40).
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using the DD Ct method. All data were reported relative to 18S
expression.
2.9. Statistics
Data was analyzed using the ShapiroeWilk W test of normality
and Levene's test of homogeneity of variance. If necessary, data
were log transformed and analyzed by one-way ANOVA. Dunnett's
test was used for post hoc analysis of the bactericidal activity and
respiratory burst activity data to evaluate the effects of each E2
dose compared to the E2-free control. The Bonferroni test was
selected to evaluate differences between stimulation indices of
mitogen stimulated PBLs treated with E2, E2 and ICI 182,780 or an
E2 control at each time-point. Real-time PCR data from the stim-
ulation assays were analyzed in the same manner. These data were
analyzed to identify temporal differences within a treatment, or
compared across treatments at each time-point. Given the semi-
quantitative nature of the end-point reactions these data were
not analyzed statistically. All statistical analyses were performed
using SYSTAT 11 (SYSTAT software, Inc). Differences were consid-
ered statistically signiﬁcant when P  0.05.
3. Results
3.1. Cell line estrogen receptor mRNA expression
All cell lines investigated expressed the ERa isoform. The ERb2
isoformwas constitutively expressed by the Thy9.1F10, 42TA, 28S.3,
and G14D but not the TS32.15, TS32.17 or 3B11 cell lines (Fig. 1A, B).
This isoformwasmost highly expressed by the T-cell line 28S.3, and
infrequently (1 of 6 samples) detected in the GD14 cell line. Ex-
amination of ER expression over eight days of cell culture via semi-
quantitative PCR suggested temporally dynamic expression of ERs(Fig. 2). In general ERa was expressed by all cell lines on all days of
culture, and expression did not substantially change in the 42TA,
28S.3, 32.15 and 32.17 cell lines. Temporal expression was not
investigated in the Thy9.1 or G14D cell lines, and is not shown here
for the 32.15 and 32.17 cell lines. Expression of ERa was highest
during the initial days of culture in the 3B11 and 1G8 cell lines, but
qualitatively decreased over time. Interestingly, this decrease in
ERa coincided with the detection of ERb2 expression in the 1G8 cell
line.
3.2. Estrogen receptor mRNA expression in primary leukocytes and
other tissues
Primary leukocytes from peripheral blood, anterior kidney and
spleen from normal channel catﬁsh expressed one or both subtypes
of ER. Tissue-associated leukocytes (AKLs and SPLs) expressed both
subtypes, while only ERawas detected in PBLs with little exception
- ERb2 mRNA transcripts were only detected in 1 of 6 PBL samples
evaluated here. Levels of ERa mRNA expression differed between
leukocyte sources, and were similar to those observed in gill and
muscle tissues (Fig. 3). Expression of ERawas detected in sIgMþ and
C3-1þ cell populations from these tissue sources. Only ERa was
detected in neutrophil enriched cells regardless of tissue source.
While ERb2 was not commonly detected in PBL preparations, it was
identiﬁed in sIgMþ cells of the anterior kidney and spleen. In the
spleen, expression of ERb2 appeared to be greater than that of ERa
in sIgMþ cells (Fig. 4).
3.3. Effects of leukocyte stimulation on estrogen receptor mRNA
expression
Mitogen and alloantigen stimulation of primary PBLs led to an
immediate decrease (or cessation) in ERa expression as measured
by semi-quantitative PCR and real-time PCR (Fig. 5A, B). In all
Fig. 1. Estrogen receptor expression in long-term leukocyte cell lines. Primer sets for the ampliﬁcations were PS1, PS3 and PS8 (A). Primer sets PS2 and PS4 yielded similar results
(data not shown). Real-time PCR quantiﬁcation of estrogen receptors in long-term leukocyte cell lines (B) Primer sets for the ampliﬁcations were PS10, PS11 and PS12. Data are
presented as mean ± SEM, n ¼ 4 and relative to 18S mRNA expression. Not detected ¼ ND.
Fig. 2. Expression of estrogen receptor mRNA in long-term leukocyte cell lines at 2, 4
and 8 days of normal tissue culture. Primer sets for the ampliﬁcations were PS1, PS3
and PS7.
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effect on ERa mRNA expression (one-way ANOVA, P < 0.02). The
temporal patterns of ERa mRNA expression, however, differed be-
tween all treatments. Estrogen receptor mRNA expression of con-
trol (unstimulated) PBLs decreased over the ﬁrst 4 days of in vitro
culture (one-way ANOVA, F ¼ 3.015, P ¼ 0.012) at which time
relative expression stabilized. In all stimulated treatments ERawas
undetectable for at least 48 h post-stimulation. At 2 days post
stimulation the relative levels of ERa mRNA expression of alloan-
tigen, Con A and LPS treated cells was signiﬁcantly lower (one-way
ANOVA, F ¼ 7.429, P ¼ 0.002; Bonferroni post hoc, all P ¼ 0.005)
than non-stimulated cells. Similarly at 3 days post-stimulation
expression levels were still signiﬁcantly lower (one-way ANOVA,
F ¼ 6.945, P ¼ 0.002; Bonferroni post hoc, P ¼ 0.008, 0.006 and
0.006) in alloantigen, Con A and LPS stimulated cells, respectively,
compared to non-stimulated controls. Expression of ERamRNAwas
detectable 3 or 4 days post-stimulation with the macrophage-
dependent T-cell mitogen alloantigen or Con A, respectively. Rela-
tive expression returned to levels similar to or higher than that of
freshly isolated PBLs by 6 days post-stimulation. These expression
levels in Con A treated were signiﬁcantly higher (one-way ANOVA,
F ¼ 3.762, P ¼ 0.027; Bonferroni post hoc, P ¼ 0.047) than that of
non-stimulated controls. On days 7 and 8 post-stimulation both
alloantigen and Con A treated cells had signiﬁcantly higher levels
(Bonferroni post hoc, all P < 0.05) of ERa mRNA expression than
non-stimulated or LPS treated cells. Lipopolysaccharide, a poly-
clonal stimulator of B-cells, stimulation suppressed ERa toundetectable levels until 8 days post-stimulation. Only alloantigen
stimulation led to detectable levels (albeit low) of ERb2 that were
observed on day 8 post-stimulation and day 2 post-re-stimulation
(Fig. 6A) or days 6e8 by real-time quantitation (Fig. 6B).3.4. Effects of 17b-estradiol on mitogen induced PBL proliferation
The temporalmitogenic responses of PBLs to themitogens Con A
and LPS were similar to those reported previously with human
leukocytes [46]. Pre-treatment with E2 prior to mitogen stimula-
tion led to a signiﬁcant decrease (Bonferroni post hoc, all P < 0.05) in
mitogen-induced proliferation for both mitogens. The combination
of E2 and the ER antagonist ICI 182,780 yielded a mitogen response
similar to E2-free control (Fig. 6).
A.
B.
Fig. 3. Relative expression of ERa (A) and ERb2 (B) mRNA in primary leukocytes and other tissues. Data are presented as log10 transformed mean values ± SEM, n ¼ 6 for all tissues
except gonads (n ¼ 3).
Fig. 4. Expression of estrogen receptor mRNA in tissue-associated or peripheral blood
populations of leukocytes. The whole leukocyte population or positively selected cells
were used for the ampliﬁcations. Positively selected cell populations were enriched for
B-cells (sIgMþ) or neutrophils (C3-1þ). Primer sets for the ampliﬁcations were PS1, PS3,
PS5, PS6, and PS7.
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burst activity
Adherent AKL exposed to the ER agonists 17b-estradiol or the
synthetic ER agonist, DES, prior to bacterial challenge or PMA
stimulation responded differently than control cells in a concen-
tration dependent manner. Low physiological concentrations of E2
(100 pM and 1 nM) signiﬁcantly enhanced bactericidal activity
(Dunnett's test, P ¼ 0.008 and 0.005, respectively) while pharma-
cological concentrations signiﬁcantly decreased bactericidal activ-
ity (Dunnett's test, P ¼ 0.012 and 0.01, respectively). These effects
followed a classical threshold distribution. The effects of DES on
bactericidal activity had no effect or were inhibitory at the con-
centrations tested (Fig. 7). These effects were not the result of
toxicity as evinced by viability determination (data not shown). The
production of intracellular superoxide was signiﬁcantly increased
at concentrations of E2 between 10 nM and 1 mM, and also at
10 mM. Exposure to DES inhibited the respiratory response at
concentrations between 100 mM and 10 mM (Fig. 8).4. Discussion
Traditional investigation of vertebrate immune function
commonly focuses on messenger molecules and receptors unique
to the immune system. Certainly such research is the cornerstone of
functional comparative immunological study; however,
Fig. 5. Expression of estrogen receptor mRNA in peripheral blood leukocytes of an individual channel catﬁsh stimulated in vitrowith Con A, LPS, or alloantigen (A). Primer set for the
ampliﬁcations were PS2, PS4 and PS8. Real-time PCR quantiﬁcation of estrogen receptors in long-term leukocyte cell lines (B). Data are presented as mean ± SEM, n ¼ 6. Values are
expressed relative to 18S. Primer sets for the ampliﬁcations were PS10, PS11, and PS12. Note different y-axis scale for different treatments. Notation indicating statistical differences
are omitted for readability; see results 3.4.
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ceptors present in leukocytes is a crucial aspect of the discipline.
Here, we conﬁrm that estrogen receptor subtypes ERa and ERb2 are
present in channel catﬁsh leukocytes. Estrogen receptor expression
is temporally dynamic and differs between leukocyte types thus
suggesting that this receptor type plays a role normal immune
function. This is further supported by the modulatory actions of E2,
the cognate ligand of estrogen receptors, on leukocyte function and
the ability to block the effects with receptor speciﬁc antagonists.
Given that estrogen receptors have been identiﬁed in immunocytes
of other vertebrates, this work highlights the evolutionary conser-
vation of estrogen receptors in effector cells of the immune system.Fig. 6. Kinetics of peripheral blood leukocyte mitogen stimulation in the presence of no E2
Mitogens were 50 mg/ml of Con A (A) or 100 mg/ml of LPS (B). Absolute mean SI values at each
(day 6) 1.1, 1.0 and 1.0 (day 8) for the Con A, Con A þ E2, and Con A þ E2 þ ICI 182,780 treate
and 6.1 (day 6) 3.8, 1.2 and 3.5 (day 8) for the LPS, LPS þ E2, and LPS þ E2 þ ICI 182,780 trea
different stimulation indices at a given day post stimulation (one-way ANOVA, BonferroniIn the current work estrogen receptors were identiﬁed in pri-
mary leukocytes isolated from the peripheral blood, anterior kid-
ney and spleen. While ERa transcripts were detected in cell
populations from all sources, expression levels and patterns were
dependent on the source organ. Notably, expression of ERb2 tran-
scripts were detected at modest expression levels in tissue-
associated leukocytes, and rarely detected in PBLs. This observa-
tion is likely a reﬂection in cell type-speciﬁc expression patterns or
perhaps developmental differences. The latter was further sug-
gested by the observed expression of ERb2 transcripts in tissue
associated sIgMþ cells, but not those in peripheral circulation. Such
differences are not surprising as expression patterns of ER isoforms(dark gray), 10 nM of E2 (black)) or 10 nM of E2 and 1 mM OF ICI 182,780 (light gray).
kinetic time-point are: 11.1, 4.8 and 10.6 (day 2) 11.4, 5.1, and 9.6 (day 4) 1.6, 1.2, and 1.6
d cells, respectively; they are: 14.0, 3.8 and 11.4 (day 2) 15.0, 2.8 and 11.3 (day 4) 7.9, 1.9
ted cells, respectively. Data are expressed as mean ± SEM. Asterisks denote statistically
post hoc test, P < 0.05, n ¼ 12 (sex ratio unknown).
Fig. 7. Bactericidal activity of channel catﬁsh adherent anterior kidney leukocytes in the presence of multiple concentrations of E2 or DES. Data are expressed as mean ± SEM.
Bactericidal activity statistically different than the agonist-free control is denoted with an asterisk (E2) or pound (DES) symbol (one-way ANOVA, Dunnett's test, P < 0.05, n ¼ 12, (7
male, 5 female)).
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differ between tissue-type [47], and are often associated with
leukocyte developmental stage or tissue microenvironment. For
instance, B-cells at the pro/pre stages are positive for ERb (and ERa
to a lesser extent) while ERb is the only ER transcript present in
immature bone marrow B-cells [48]. Both ERa and ERb transcripts
are present in transitional, mature and germinal center B-cells in
the spleen [13,48]. Others have suggested that mature mammalianFig. 8. Respiratory burst activity of channel catﬁsh adherent anterior kidney leukocytes in th
Stimulation indices statistically different than the agonist-free control are denoted with an a
male, 5 female)).lymphocytes express ERb [49]. It is not clear whether this gener-
alization is the case in channel catﬁsh; however, given that the
anterior kidney and spleen serve as both primary and secondary
lymphoid organs and contain mixed leukocyte populations at
different developmental stages this parallel is possible.
Lack of ERb2 transcripts in peripheral blood leukocytes from
healthy channel catﬁsh differs from reports regarding ER mRNA
expression in mammalian peripheral blood leukocytes. Thesee presence of multiple concentrations of E2 or DES. Data are expressed as mean ± SEM.
sterix (E2) or pound (DES) symbol (one-way ANOVA, Dunnett's test, P < 0.05, n ¼ 12, (7
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similar expression levels in peripheral blood leukocyte prepara-
tions [15,50]. This may reﬂect physiological differences in periph-
eral blood leukocytes between catﬁsh and humans. Alternatively, it
is possible that channel catﬁsh expresses an ERb (an ERb1 homo-
logue) not yet described that is functionally similar to ERb in
mammalian peripheral blood leukocytes. It should be noted that
ERb transcripts have been detected in whole blood preparations of
mature female channel catﬁsh [34], indicating that under certain
physiological conditions expression of this subtype is observed.
While our investigation here did not focus on sex differences, very
rarely have we observed ERb2 mRNA expression in puriﬁed pe-
ripheral blood leukocytes isolated from mature female channel
catﬁsh.
In an attempt to evaluate the contribution of speciﬁc leukocyte
lineages to the observed expression of ER transcripts, we exploited
long-term channel catﬁsh leukocyte cell lines derived from pe-
ripheral blood. Expression patterns between cell lines of similar
origin in most cases were similar. The cell lines with T-cell (28S.3)
or monocyte/macrophage (42TA and Thy9.1) characteristics
expressed both ERa and ERb2 transcripts. Interestingly the
expression of ERb2 transcripts differed between the 28S.3 and
G14D T-cell lines. This is interesting as recent investigation has
furnished evidence that the G14D cell line expresses a CD4-like
transcript (IpCD4L-2) while 28S.3 does not [63]. Notable differ-
ences in patterns of ER subtype transcript expression between
CD4þ and CD8þ T-cells have been reported. In general ERa is the
dominant transcript in CD4þ cells, while CD8þ T-cells express
similar, but low copies of both receptor types [15]. In the case of the
macrophage/monocyte cell lines, it is known that some T-cells are
present. We conﬁrmed that TCRa expression was similar, but
weakly expressed in both lines (data not shown). Thus, in the
current study we cannot deﬁnitively identify the relative contri-
bution of ERs to a particular cell type. While ER mRNA expression
patterns did not change over time in culture for these T-cell or
monocyte/macrophage cell lines, there were kinetic differences in
ER expression between the B-cell lines. The decrease in ERa and
increase from undetectable to detectable levels of ERb2 transcripts
suggests a likely shift in phenotype over time in the 1G8 cell line.
Perhaps this shift is to a phenotype more similar to sIgMþ cells
found in the anterior kidney or spleen. It is also possible that the
expression of ER transcripts is cell cycle dependant with rapidly
dividing versus stationary cells having differential expression pat-
terns for ERa and ERb2. While tissue culture does not necessarily
reﬂect an in vivo microenvironment, the observations yielded here
indicate that ERs transcripts are regulated differently in these cell
lineages under similar conditions.
Estrogen receptor mRNA expression in channel catﬁsh periph-
eral blood leukocytes was clearly regulated by stage of leukocyte
activation. Expression of ERa transcripts in resting primary pe-
ripheral blood leukocytes was ablated by activation with ConA, LPS
or alloantigen, but resumed to detectable levels within four days
post-stimulation depending on the treatment. Given that non-
treated controls were included at each time point, it appears that
in vitro culture condition do not explain this decrease in ERa
transcript expression. It is unclear whether the resumption of
transcript expression is associated with newly recruited, post-
mitotic leukocytes or the original stimulated progenitors. Further-
more, it is curious that the cessation of ERa mRNA expression oc-
curs during the peak days of mitogeneis for some of these
stimulated populations. This may be a regulatory mechanism that
renders mitotic leukocytes insensitive to estradiol during cell di-
vision events (accepting the caveat that mRNA expression levels do
not indicate the absence of previously translated ER proteins). If
this is the case, it is unclear why the entire population (includingthose not dividing) of peripheral blood leukocytes would respond
in this manner. As another point of interest, it should noted that the
temporal resumption in ERamRNA expression coincided with that
of TCRa (see Ref. [51] that used the same cDNA preparations). Thus,
it is possible that contribution of this ER subtype is primarily from a
population(s) of T-cells rather than B cells.
Previous research has indicated that leukocyte function is
modulated by 17b-estradiol [21,22,25,26,29]; however, it is unclear
if this effect is mediated indirectly by accessory cells or directly
with leukocytes. While it is possible that estradiol affects functional
immune responses indirectly via paracrine or endocrine cellular
communication, we have demonstrated that it is capable of down-
regulating immune function directly via leukocyte associated ERa.
The presence of physiological 17b-estradiol dampened the func-
tional mitogenic response of peripheral blood leukocytes to the
macrophage dependant T-cell mitogen concanavalin A and the B-
cell mitogen LPS independent of sex. The fact that pretreatment
with the ERa antagonist ICI 182,780 blocked this effect demon-
strates the requirement of ERa in this action. Whether the modu-
lation by 17b-estradiol is the result of an effect on macrophages or
T-cells is not clear as both cell types express ERa; however, it is
noteworthy that the mitogenic response was not completely abla-
ted. In mammals 17b-estradiol has similar effects on the functional
response of T-cells concanavalin A or phytohemagglutinin and B-
cells to LPS. That is, the presence of estradiol leads to reduced
mitogen-induced polyclonal expansion [52e54].
Modulation of the functional immune response by E2 of anterior
kidney leukocytes enriched for macrophages is not as simple as
presence or absence of this steroid hormone. Interestingly, the ef-
fects are inhibitory, stimulatory or neither given the exposure
concentration. Based on the data here, the effects of E2 on bacte-
ricidal activity lead to a non-monotonic dose response. Such non-
monotonic responses are not uncommon for hormones and EDCs
[55]. The effects are stimulatory at low physiological, but inhibitory
at superphysiological (pharmacological) concentrations. This
observed effect is in contrast to previous observations in carp in
which bactericidal activity was suppressed in a dose-dependant
manner [21,25]. This may be the result of nuances in assay design
and execution, species or possible seasonal differences. The effect of
E2 treatment on the production of intracellular superoxide radicals
was modulated at higher physiological concentrations, and led to a
multimodal response. Again this is in contrast to that observed in
other ﬁsh species. Of particular note the increased stimulation of
respiratory burst activity at the superphysiological concentrations
appeared to be the result of a decreased superoxide production in
the non-PMA treated controls. The effects of the synthetic,
nonsteroidal ER agonist DES were also concentration dependant,
but only decreased macrophage responsiveness when modulation
was observed. This agonist has a higher binding afﬁnity for ERa and
has different activational properties than E2. The difference in
modulation between estradiol and DES emphasizes the complexity
ER mediated actions. Additionally, while not shown here the
presence of the antagonist ICI 182,780 did block the effects of E2
and DES to some degree; however, it also affected responsiveness
on its own. Again, this reinforces the complexity of ER ligand in-
teractions the, but deserves further investigation.
Factors including age, sex and stage of reproductive cycle are
known to affect tissue speciﬁc ER expression. While these physio-
logical inﬂuences were not investigated here, this work provides a
solid benchmark for further investigation regarding the in vivo
relevance of leukocyte-speciﬁc estrogen receptors. These and other
steroid receptors likely play a role in sex and seasonal differences in
disease resistance [56,57]. They are also likely targets of EEDCs. Due
to the availability of well characterized long-term leukocyte cell
lines that express estrogen receptors, leukocyte cell markers and
L.R. Iwanowicz et al. / Fish & Shellﬁsh Immunology 40 (2014) 109e119118ease of laboratory maintenance; the channel catﬁsh is a strong
candidate as a model organism for future in vitro and in vivo es-
trogen receptor-mediated functional immune research.
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